human exposure are inhalation of air and airborne particles, ingestion of dust and food, and dermal sorption from air or dermal contact with contaminated indoor surfaces. 13, 14 Understanding SVOC behavior in the indoor environment and associated human exposure pathways requires identification of their sources, characterization of their physicochemical properties, and knowledge of their transport mechanisms ( Figure 1 ). Indoor surfaces are critical mediators of these processes, as SVOC partitioning to surfaces depletes the gas phase and drives additional emission from their source materials. 2, 15 The formation of a thin organic film or "grime layer" on these surfaces therefore represents a sink for SVOCs, forming a reservoir that may subsequently re-emit SVOCs over long periods of time. 2, 16, 17 Thin films of deposited material are ubiquitous on impervious indoor surfaces such as window glass and walls. 4 Several studies have experimentally characterized film growth and composition, [18] [19] [20] finding them to contain high concentrations of PBDEs, PCBs, PAHs, and some phthalates, which makes them major constituents of the organic fraction of the film. [20] [21] [22] [23] [24] Additional constituents are water, water-soluble salts, other inorganic species, and elemental carbon, which collectively account for about 15%
to 30% of the total mass of the film. 20, 25 These films are therefore complex mixtures, and their interaction with SVOCs may depend on film composition, affecting the film growth rate. Bi et al 24 an equilibrium thickness that might be thinner than the "critical thickness" needed to transition from adsorption to absorption and therefore to continued growth. 15 Indeed, it may be that the formation of a surface film that is sufficiently thick to enable subsequent growth by absorption is facilitated by condensation of supersaturated vapors near surfaces due to temperature differentials. The importance of condensation for the formation of surface films on outdoor surfaces has been demonstrated before, 18, 20, 26 and it might therefore be reasonable and even necessary to include this mechanism in considerations of surface film formation indoors.
Complicating factors include changing indoor environmental conditions, surface roughness on the same scale or larger than film thickness, uncertainty regarding the parameterization of bulk absorption into a medium that is only a few molecules thick, 27 and potential non-ideal interactions between gas-phase SVOCs and film constituents. Some observational data 20, 22, 24, [28] [29] [30] exist to constrain models, for example, showing that the growth rate of organic films usually slows down after a period of rapid initial growth.
However, a comprehensive model accounting for these conditions
Practical Implications
• Organic films on indoor surfaces influence emission and transport of SVOCs and the resulting human exposure.
An understanding of organic film formation and of the interactions among film and gas-phase SVOCs advances our ability to predict human exposure to SVOCs.
• The proposed model accounts for the major potential mechanisms leading to initial organic film formation and subsequent growth of the film, including adsorption, condensation, and absorption.
F I G U R E 1 Mechanisms governing SVOC emissions and exposure is currently not available and partitioning of SVOCs to clean indoor surfaces and surface films remains poorly understood.
In stark contrast to the situation indoors, far more is known about outdoor surface films and the interaction of outdoor SVOCs with aerosol particles. [31] [32] [33] [34] For example, a multi-layer kinetic model (KM-GAP) has recently been developed to predict gas-particle interactions in aerosols and clouds. 35 KM-GAP considers mass transport and chemical reaction of SVOCs partitioning between gas phase, particle surface, and particle bulk, and is based on the kinetic model framework presented by Pöschl et al. 36 KM-GAP includes gas-phase diffusion and gas-particle interface transport characterized by a model which includes a sorption layer as well as a quasi-static surface layer, 36 
| OBJEC TIVE S
Based on these considerations, we present here a heat and mass transfer model for multiple SVOCs that mechanistically describes the initial formation and subsequent growth of an indoor surface film, focusing on the organic portion of the film. In the first stage, multi-layer adsorption/desorption and condensation are the governing mechanisms. In the second stage, once the "critical thickness" is reached, the surface film acts as a bulk organic layer, with further growth governed by condensation and absorption, including consideration of potential non-ideal solution of organic mixtures. "Condensation" refers here to deposition of supersaturated gases driven by a temperature differential between a surface and the air that might exist for a certain period of time due to changing indoor or outdoor conditions and is expected to vary with weather, season, and time of day. The focus is on relatively smooth, vertical, and downward-oriented impervious indoor surfaces because they contribute large surface areas to the indoor environment and affect SVOC behavior indoors differently from horizontal, upward-oriented surfaces or permeable materials like fabrics.
4,38-44
| MECHANIS MS GOVERNING FILM FORMATI ON AND G ROW TH
In the heat and mass transfer model described here, initial film formation is dominated by adsorption/desorption and condensa- 
| Adsorption
Adsorption of molecules on a surface involves the interaction of two processes: capture of gas-phase molecules on the surface (or the upper layer of adsorbed molecules in the case of multi-layer adsorption), and desorption back to the gas-phase (Figure 2A ). Assuming a homogenous substrate surface with equivalent adsorption sites, the adsorption flux can be expressed as: 45 Studies of SVOC adsorption onto clean surfaces and onto surfaces which had been exposed to kitchen "grime" for several weeks showed that K s converges toward a similar value for materials covered with an organic film, which suggests that the organic layer exhibits properties that are largely independent of the underlying surface material. 15 In addition, for adsorption of SVOC mixtures, K s for each species may be different as the composition of the mixture changes. 46 Nevertheless, the measurements of K s for clean surfaces suggest that SVOC adsorption occurs over timescales of hundreds of hours, but eventually reaches equilibrium. To describe the formation of organic films on indoor surfaces (which can grow over months 28 ), adsorption may be augmented by additional processes, including condensation and absorption.
| Condensation
In addition to adsorption, temperature-driven condensation has been proposed as an important process in organic film formation. 22, 28, 37 Many everyday scenarios can generate temperature differentials between indoor air and surfaces like windows and walls, including opening the window on a warm day, initial heating of a cold room, or heat generated by occupancy in a room.
A temperature differential might not always exist. However, even short intervals during which a surface is cooler than the room air can expedite surface film growth beyond levels possible with adsorption alone, as will be discussed. When the surface is cooler, condensation of gas-phase SVOCs in close proximity to the cold surface can be initiated and sustained as long as the surface is 
| Absorption
The mechanism of absorption involves the two-way partitioning of SVOCs between the air and the film. This has been described in a model proposed by Weschler and Nazaroff: Generally, SVOCs will partition from the air into the film, as shown in Figure 2B . However, a decrease in gas-phase SVOC concentrations (eg, because of an increase in the air exchange rate) or an increase in
surface temperature (eg, because of sunshine on the window glass) may result in a flux of SVOCs from the film to the indoor air.
| MODELING

| Modeling Stage 1-Initial organic film formation
In this section, equations for mass transfer of SVOCs from the gasphase onto a surface are described, involving both SVOC condensation and adsorption from indoor gas-vapor mixtures.
| Adsorption
Assuming that the SVOC adsorption process can exceed a mono-layer, two cases have to be considered: (a) Mono-layer adsorption takes place at the original active sites on the substrate surface, which are intrinsic to the substrate material; (b) multi-layer adsorption occurs on previously adsorbed molecules, which serve as new active sites. [48] [49] [50] The mono-layer molecules (ie, the first layer) may be strongly chemisorbed, but the molecules in the subsequent layers may be adsorbed by weak physical interaction (eg, van der Waals forces) on top of the first layer, the third layer on top of the second layer, and so forth. 45 
Mechanistic models
Various kinetic models have been used for describing adsorption on smooth surfaces, the simplest of which is the Langmuir adsorption model. It considers monolayer adsorption on a plane surface, which consists of an array of equivalent and independent adsorption sites, and the rate of adsorption depends on the partial pressure and on the fraction of available sites, while the desorption rate depends on the fraction of occupied sites and the energy of activation. 49, 51 Although no mutual interactions of adsorbed molecules are assumed, which greatly simplifies the model, it fits well in numerous cases. 48 can be described by the following equation 48 :
Equations 7-9 constitute a set of ordinary differential equations, and the values of s i (t) can be solved using a numerical 53 or analytical method 48 when combined with the initial conditions (ie, s 0 (t = 0) = 1, where
and θ is the fraction of active sites occupied by the adsorbed molecules, which can be obtained by 46 :
Then, the overall adsorbed amount of SVOC mixture on the surface (C s ) can be obtained by 46 : 
Simplified model
Implementation of the preceding mechanistic models is complicated because it requires solving a set of equations with many input parameters. In practical applications, it is often assumed that the rate of kinetic adsorption is much faster than the rate of transport through the concentration boundary layer. 15, 39, 54 This means that an instantaneous equilibrium is assumed between the adsorbedphase SVOC and the air immediately adjacent to the surface, that is, 
| Condensation
As shown in Figure 4 , when an SVOC in the bulk air comes into contact with a surface at a temperature lower than the saturation temperature of the SVOC, the SVOC will become supersaturated immediately adjacent to the surface and condense on the surface.
This leads to a gas-phase SVOC concentration gradient between the surface and the bulk air, causing further transport of SVOCs from the bulk air to the surface, where they also become supersaturated and condense onto the surface, forming a film of condensed SVOC.
Heat transfer from the bulk air to the surface may occur during the mass transfer process, which includes three mechanisms: (a) convective heat transfer from the bulk air to the SVOC film surface, (b) conductive heat transfer from the film surface to the underlying cold substrate surface, and (c) release of the latent heat of the gas-phase SVOC to the SVOC film surface during condensation (which is assumed to be negligible for SVOC condensation, but lacks direct evidence, and thus, we will verify this assumption using the following model). For simplicity, the initial assumption is that the bulk air contains only one SVOC. Furthermore, it is assumed that (a) the gas-phase concentration of the SVOC remains constant and that any removal of the SVOC from the air results in relatively rapid re-supply from other sources, and (b) the surface is sufficiently smooth so that effects of surface roughness can be ignored (both assumptions need to be examined in more detail). The mass transfer rate of an SVOC from the bulk air to the film surface (J cond , μg/(m 2 ·s)) is:
where y s is equal to the saturation concentration of SVOC corresponding to the temperature of the film surface (T i ). The ClausiusClapeyron equation is used to describe the relationship between y s and T i , 58 or:
where B is a constant for a given SVOC, ΔH is the enthalpy of vaporization (J/mol), and R is the universal gas constant, 8.314 J/(mol·K).
Because mass is conserved, the liquid film grows at a rate J cond , with:
At the film surface, the rate of heat transfer into the film equals the sum of the latent energy released because of condensation and the convective heat transfer from the bulk air to the film surface, or:
where k s is the heat conductivity of the SVOC liquid (W/(m·K)), h fg is the latent heat of the gas-phase SVOC (h fg = ΔH/MW, where MW is the molecular weight of the SVOC (g/mol)), T s is the temperature of the cold surface (K), T g is the bulk air temperature (K), and h is the convective heat transfer coefficient (W/(m 2 ·s)). Because the SVOC film is thin and heat conduction in liquid is much faster than in air, 59 the temperature is assumed to be linearly distributed in the SVOC film. and DEHP, as examples, and assuming that there are only these two SVOCs in the air, we obtain the time dependence of the film thickness, which also increases linearly, implying that the condensation rate of an SVOC mixture may be constant for a long period as long as the surface temperature remains constant. Furthermore, the presence of humidity may also affect adsorption and condensation, but few constraints are currently available for these situations.
| Simultaneous adsorption and condensation
| Modeling Stage 2-Subsequent film growth
Once the film thickness reaches a critical value δ 0 at which the organic layer becomes a liquid-like film, absorption has to be considered instead of adsorption because the organic film formation process no longer depends on the underlying surface properties.
The model proposed by Weschler and Nazaroff 4 starts with the assumption that an initially formed film is beyond the critical thickness at which a film starts to behave like bulk liquid. However, while examples provided in that work used an arbitrary initial
value of 2 nm, the actual value remains uncertain. The size of an SVOC molecule is on the order of 1 nm, 61 and previous work has suggested that a film may approach bulk behavior at a thickness of 4-5 mono-layers, 27 but this is near the film thickness achievable by adsorption alone ( Figure 5) . A model linking adsorption, absorption, and temperature-driven condensation is necessary to more fully describe film formation and growth. were used to estimate the cases of adsorption and condensation, respectively, with parameters from our previous studies 15 , 62 (see details in Table S1 ). Results in Figure 5 show that adsorption alone may be insufficient to form an organic film on an impervious surface that is thick enough to allow subsequent absorption, as indicated by the red solid line (representing the modeled maximum thickness of the organic film formed by adsorption of four phthalates, ie, approximately 5 nm). Additional processes such as condensation may be required to allow the film to grow beyond the critical thickness, as illustrated by the green lines in Figure 5 , and thus need to be considered in modeling approaches. For the cases that include condensation, we assumed that the surface temperature is 5°C lower than the room air temperature (25°C), which might occur, for example, if a room is heated on a cold day and the window has only a single pane.
| Example 1. Organic film formation on impervious surfaces with constant temperature
| Example 2. Including film formation and growth in indoor fate and transport models
An important application of the models described above is to facilitate Table S2 . Figure 6 shows the development of the organic film vs time for both cases, and the development of the gas-phase concentration of DINCH within the room is depicted in Figure S1 . It can be seen that the film thickness reaches a maximum value (ie, it reaches equilibrium) for Case 1, while for Case 2, the film will continue to grow after reaching the critical thickness and the growth rate per day is almost constant even after thousands of days (data not shown in Figure 6 ). This shows that there is no absorption in Case 1, while in Case 2, adsorption changes to absorption after reaching the critical thickness. The reason is that the surface temperature in Case 2 is low enough such that the rate of SVOC accumulation on the surface due to adsorption or absorption plus condensation is greater than the rate of SVOC re-emission from the surface back to the gas-phase (K s or K oa decreases as temperature increases and C g,s (= C s /K s or C s /(δK oa )) will increase to be higher than C g ). For Case 1, the rate of adsorption plus condensation equals the rate of re-emission after 400 days, and hence, the film stops growing. The effect of re-emission is also implied by the results shown in Figure S1 , that is, the maximum gas-phase concentration will exceed y 0 after about 200 days in both cases, and the maximum gas-phase concentration corresponds to the maximum daily surface temperature. Table 1 compares the contributions of adsorption, condensation, absorption, and re-emission to the film growth after 600 days for both cases. The contribution of absorption increases as time increases;
F I G U R E 5 Example of the development of surface organic film over time for various scenarios. Four phthalates, DEHP (di-2-ethylhexyl phthalate), DEHT (dioctyl terephthalate), DINCH (1,2-cyclohexane dicarboxylic acid diisononyl ester), and DINP (diisononyl phthalate), are considered. The red solid line represents the modeled maximum thickness of the organic film formed by adsorption of 4 phthalates (about 5 nm). For condensation, the temperature difference between the air and the surface is assumed to be 5°C (the room air temperature is 25°C for example, the contribution of absorption increases to 0.0043 if the time increases to 1200 days. The reason for the small contribution on day 600 for absorption is because it begins late (after 391 days) and most of the film was formed by adsorption, condensation, and re-emission, that is, 10 nm before day 391 vs 11.4 nm on day 600. According to our calculations, if we assume that no condensation occurs (while keeping other conditions constant), the film will reach a maximum value after about 450 days (stabilized at 8.4 nm) and no absorption will occur. In addition, results in Figure   S1 also indicate that the formation and growth of the organic film might affect the indoor gas-phase SVOC concentrations, something which should not be neglected. For example, the 24-hour average gas-phase concentrations of DEHP, DEHT, DINCH, and DINP after 
| UN CERTAINTIE S AND FURTHER RE S E ARCH
| Film composition and non-ideality
The partition coefficient K m of a compound can be approximated by its octanol-air partition coefficient, K oa . 4 However, real-world surface films consist of a complex mixture of compounds with varying physicochemical properties, significantly impacting the partitioning of a given SVOC between the gas-and condensed-phases.
Differences in the molecular and chemical properties, particularly polarity, potentially impede the uptake of gas-phase SVOCs into condensed phases. 63 F I G U R E 6 Development of the organic film over time for the cases in Example 2. Equations S1-S7 were used for calculations, with parameters provided in Table S2 . Ten nanometers was assumed as an example value for the critical thickness 
| Surface roughness
Surface characteristics like roughness or inhomogeneity can change the adsorption behavior of gases 71 and thus the formation of organic films on those surfaces. The influence of surface roughness on gas adsorption can be considered as both "complicated The relationship between "roughness type" and molecule size might be significant for the effect that the roughness has on the adsorption and condensation process. To date, the actual knowledge and parameterization of this effect on SVOCs are limited and require further research. Experimentally, the partition coefficient K s accounts for many of these irregularities; for a comprehensive mechanistic modeling approach however, a more sophisticated understanding is likely required. Additional complexity might be added to the described problem of surface heterogeneity by considering surface transport mechanisms, chemical adsorbate-surface and adsorbate-adsorbate interactions, and steric effects. 
| CON CLUS IONS
We developed a mass transfer model to describe the initial formation and subsequent growth of organic films on indoor surfaces. The proposed modeling approach builds upon the current mechanistic understanding of the process including varying contributions of adsorption, condensation, and absorption, but has to be extended and verified with rigorous experimental research to close some of the important gaps in estimating human exposure to SVOCs: the lack of values for the initial film thickness, for K s and K m , and for the activity coefficients of absorption for typical surfaces and SVOCs. Also, large uncertainties exist regarding the critical thickness of organic films on all types of surfaces, but our estimations suggest that 5 nm is likely the absolute minimum value and that a greater thickness might be required to allow further film growth. Knowledge of these parameters will significantly improve the understanding of SVOC dynamics, exposure assessment, and associated risk management.
Although the practical use of the model might still be limited, it provides a foundation for further research.
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